The drift angle caused by the Earth's self-rotation may introduce rotational displacement artifact on the geolocation results of imagery acquired by an Earth observing sensor onboard the International Space Station (ISS). If uncorrected, it would cause a gradual degradation of positional accuracy from the center towards the edges of an image. One correction method to account for the drift angle effect was developed. The drift angle was calculated from the ISS state vectors and positional information of the ground nadir point of the imagery. Tests with images acquired by the International Space Station Agriculture Camera (ISSAC) using Google Earth TM as a reference indicated that applying the drift angle correction can reduce the residual geolocation error for the corner points of the ISSAC images from over 1000 to less than 500 m. The improved geolocation accuracy is well within the inherent geolocation uncertainty of up to 800 m, mainly due to imprecise knowledge of the ISS attitude and state parameters required to perform the geolocation algorithm. 
Introduction
As the largest manmade object in the outer space, the International Space Station (ISS) not only provides a laboratory for scientific experiments in a wide range of disciplines, but also offers a unique platform for Earth observation. Compared with a traditional satellite, the ISS orbits the Earth at a lower altitude (350~420 km above the sea level), a higher inclination angle (~51.6°) and a shorter period (90 min), allowing Earth observing sensors onboard it covering nearly 75% of the inhabited land surface with potentially high spatial resolution and short revisit time of approximately 3 days [1] . In addition, unlike satellite-borne sensors, payload systems onboard the ISS can be serviced or upgraded, if necessary.
With the above-mentioned merits of the ISS as an Earth observation platform, many Earth observing payload systems have been developed, such as the International Space Station Agricultural Camera (ISSAC) for precision farming [2] , FOCUS for monitoring high temperature events [3] , the Station High-sensitivity Ocean Research Experiment (SHORE) for mapping coral reefs, atolls, tidal areas and shore/ocean interfaces [4] and the Hyperspectral Imager for the Coastal Ocean (HICO) for monitoring coastal zone environment, the maritime atmosphere, and distribution of fires and active volcanoes [5] . The advantages of the ISS as an Earth observing platform also pose challenges in applying the observations to study the Earth. Among them, the most challenging is to precisely determine geographic locations of imagery on the Earth surface [6] . Because of its low orbit, the ISS experiences large variations in its attitude and altitude [7] , making geolocation of imagery acquired by the ISS sensors much more complicated than that by satellite sensors.
To precisely geo-reference the Earth observing imagery acquired by the payload systems onboard the ISS, Dou et al. developed a quaternion-based geolocation algorithm [8] . Applying the algorithm to the images acquired by the ISSAC [2, 9] and comparing the results with Google Earth TM , they estimated that the algorithm has a geolocation accuracy of 190 ± 140 m with maximum errors less than 500 m in nadir points if the orientation of the sensor in the ISS body-fixed coordinate system was accounted for. This accuracy is well within the inherent geolocation uncertainty of up to ~800 m, mainly due to imprecise knowledge of the ISS state and attitude parameters required to perform the geolocation algorithm. However, among the residual geolocation errors, a peculiar pattern emerged (shown as squares in Figure 1 ): the geolocated images show a small, yet statistically significant, latitude-and orbit-dependent rotational displacement. We defined the rotational displacement as the angle that an image has to rotate to arrive at the proper orientation; it is positive if the rotation is clockwise and negative for counter-clockwise rotation. Although this rotational displacement does not affect the geolocation accuracy for nadir points, it does cause a gradual degradation of geolocation accuracy towards edges of an image. To correct for this rotational displacement, Dou et al. proposed a temporary correction in the geolocation algorithm of using two mean values of squares in Figure 1 , one for ascending and another for descending orbits. Specifically, the geolocated images were further rotated by −1.217° for descending orbits and by 1.787° for ascending orbits. Since this rotational displacement error is not random, and depends on the latitude and orbit directions, it is apparent that the temporary correction is not ideal, even though it does provide a certain level of correction. Figure 1 . Effect of the drift angle on geolocation as a function of latitudes of images' NADIR locations. The squares are the rotational displacement angles estimated for 13 ISSAC images; the diamonds are the actual drift angles determined for these images; and pluses are the difference between the two angles.
The objective of this paper is to investigate the cause of this rotational error and to provide a correction to further improve the Dou et al. geolocation algorithm [8] .
Method and Data

Geolocation Algorithm
Dou et al. [8] developed a forward quaternion-based geolocation algorithm to geo-reference images acquired by the Earth observing sensors onboard the ISS. The algorithm also accounts for the tilting capability that some sensors possess; for example, the ISSAC can tilt up to 30° in both port and starboard directions of the ISS to actively seek targets [10] , and HICO can tilt up to 45° [5] . Figure 2 summarizes the general procedures of the algorithm. Conceptually, geolocation starts by defining a look vector associated with a target pixel on the ground in the Sensor coordinate system, with its origin coinciding with the focus of the lens. Through a series of coordinate system transformations, the look vector is finally defined in the Conventional Terrestrial Reference System (CTRS). The CTRS is an Earth Centered Rotating (ECR) reference frame with its origin at the mass center of the Earth, its Z-axes aligning with the International Reference Pole (IRP) and X-axes with International Reference Meridian (IRM). In the CTRS reference frame, the geographic location of the pixel is sought as the intersection of the transformed look vector and the Earth surface, which is defined as an ideal Earth ellipsoid overlaid by a digital elevation model [8] . Figure 3 illustrates geometric relationship of a sensor onboard the ISS and its imaging objects on the ground in an Earth Centered Inertial (ECI) coordinate system (CS), which is fixed in space and does not rotate with the Earth. At times t 1 and t 2 , the ISS passes positions P 1 and P 2 in an orbit. At t 1 , the sensor takes an image with its nadir pixel at point S 1 on the ground, and at t 2 , the sensor takes another image. If the Earth is stationary, then the nadir pixel of the 2nd image would be at S 2 on the ground; but in reality, because of the Earth self-rotation, the nadir pixel is actually . The vector defines the ground track of the ISS orbit between t 1 and t 2 and the vector defines the nadir target movement during the time period. The angle formed by the two vectors of and is the drift angle, which is positive if the imaging target drifts to the right side of the ISS flying direction (clockwise) and negative to the left side (counter-clockwise). The drift angle, if uncorrected, would cause a rotational artifact in imagery taken from the space [11] . For the ascending case shown in Figure 3 , the target drifts to the right (clockwise) of the ISS ground moving direction ( ). Therefore, imagery has to be rotated counter-clockwise to correct this artifact. The target would move to the left for descending orbits, requiring a clockwise rotational correction. When the ISS is at its orbital apexes, the two vectors align with each other, and hence the drift angle is null. Because the linear rotational speed of the Earth decreases from the Equator to the Poles, the drift angle has its highest absolute value when the ISS crosses the Equator, decreases gradually toward zero as the ISS approaches its orbital apex points and increases again as the ISS passes the orbital apexes and moves toward the Equator. If the drift angle was not accounted for in the geolocation process, or there was not a yaw steering mechanism on the spacecraft to adjust the yaw orientation angles accordingly [12] [13] [14] , a systematic rotational displacement pattern, as shown in Figure 1 , would appear in the results [15] . The drift angle can be calculated from the spacecraft orbital elements, i.e., the eccentricity, semi-major axis, inclination, longitude of the ascending node, argument of periapsis and mean anomaly at epoch [11, 13, 15] . However, to be consistent with the Dou et al. [8] algorithm, which does not use these orbital element data, we propose a method to compute, by using the unit quaternion, the drift angle from the ISS state vectors and the positional information of the ground nadir point of the imagery. The drift angle effect also degrades the imaging quality due to the relative movement between the sensor and the target [16, 17] , which, however, is out of the scope of this study. and is the drift angle, and that formed by and the local longitude is the ISS orientation angle (A v ). The ECI reference frame has its origin at the mass center of the Earth, its Z-axes aligns with the Earth's spin axis toward the North Pole, The X-axis is permanently fixed in a direction relative to the celestial sphere, and Y-axes is defined by right hand rule.
Drift Angle
Drift Angle Calculation
The drift angle can be determined from trigonometry in the local tangent plane at point S 1 (Figure 4 ). Due to the Earth self-rotation, S 1 experiences a linear velocity, E (green arrow):
(1) where δ is the local latitude at S 1 , R and R' are the radii of the Earth and the local latitude circle, respectively, and is the Earth self-rotation rate. 
Here, A v is the spacecraft orientation angle. The drift angle, A, is: Figure 6a shows the changes of the drift angle determined by a sensor onboard the ISS in an ideal setting, i.e., the Sensor coordinate system aligns perfectly with the ISS body-fixed coordinate system. To estimate the drift angle, the input parameters, including position and velocity vectors and attitude quaternion of ISS, were extracted from the ISS BAD packages for a time period from 2008:320:00:00:00 (yyyy:ddd:hh:mm:ss) to 2008:320:01:31:40 (about one orbit cycle of the ISS) at an interval of 20 s. As shown, the drift angle decreases from the Equator to the orbital apexes, the sign of the angle switches after passing the apex. The drift angle reaches the maximum and minimum value of ±2.972 at the Equator in the ascending and descending orbit directions, respectively, and has 0 at the apexes, which for the ISS are at latitudes of ±51.675°. As a comparison, Figure 6b shows the variations of the orientation angles of the ISS (A v ) over the same orbit as in Figure 6a . To assess the drift angle effect on applications, we used thirteen images (10 in ascending and 3 in descending orbits) acquired by the ISSAC over the continental US with latitude ranging from about 25°N to 50°N. The Dou et al. [8] geolocation algorithm was applied to the images and the geolocated images were compared with Google Earth TM . Two examples are shown in Figure 7 , where the geolocated images clearly have a counter-clockwise (Figure 7a ) and clockwise (Figure 7b ) residual rotational displacement with respect to Google Earth TM for descending and ascending orbit, respectively. The residual rotational displacement estimated for all the 13 images are plotted in Figure 1 (squares) as a function of the latitudes of the images' centers. We then computed the actual drift angle corresponding to the center of each image; the computed drift angles are also plotted in Figure 1 (diamonds). Clearly, the residual rotational displacements and the drift angles have a very similar pattern of variations with the center latitudes of the images. We estimated that over 99% of variability in the residual rotational displacement can be explained by the drift angle. However, the two are not exactly the same; there was a systematic bias (pluses in Figure 1 ) that seems to be independent of the center latitudes. The biases varied between a tight range of 0.214° to 0.583° with an average of 0.339 ± 0.095. To geolocate images acquired by a sensor, the relative position and orientation (or alignment) of the Sensor coordinate system with respect to the ISS body-fixed coordinate system need to be known (Figure 2 ). For ad hoc sensor payloads onboard the ISS, this piece of information can be estimated via calibration/validation procedure [18, 19] using acquired images. Dou et al. [8] estimated that the ISSAC sensor coordinate system has a roll misalignment angle of about −0.45° with respect to the ISS body-fixed coordinate system, but they were unable to determine the yaw misalignment angle because the drift angle effect was not considered in the geolocation algorithm. The bias shown in Figure 1 (pluses) may reflect the yaw angle misalignment. Therefore, we hypothesized that the observed residual rotational displacement in geolocated ISSAC images (squares in Figure 1 ) comprises two parts: a systematic misalignment for yaw angle between the ISSAC Sensor and the ISS body-fixed coordinate system, and a latitude-and orbit-dependent drift angle effect.
Results and Discussion
To test the hypothesis, we modified the Dou et al. [8] geolocation algorithm by assuming a yaw angle misalignment of 0.339°, the mean value of "+" data in Figure 1 . We then ran the geolocation algorithm to the ISSAC images, followed by rotating each of the resultant images by the drift angle determined for the corresponding center latitude of the images. Finally, we compared the rotational displacement and geographic positions of the four corners of each image. As shown in Figure 8a , before the rotational displacement correction, the rotational residual showed a latitude-and orbit-dependent pattern with the maximum of 2.6° and −1.85° for ascending and descending orbits, respectively, and after the correction, it varied around zero with a standard deviation of 0.098. Figure 8b summarizes the geolocation errors before and after applying the drift angle correction. Before the correction, the average errors of the corner points of the images was 1077 m and the maximum error of 1280 m, after the correction, the average errors was 416 m and the maximum error was 490 m, well within the maximum inherent uncertainty of up to 800 m due to precision in determining the ISS' attitude quaternion and state vectors [8] . One of the novelties of Dou et al. [8] geolocation algorithm is transforming the payload viewing vector from the ISS orbital to ECR coordinate system directly, bypassing the intermediate steps of orbital to ECI and ECI to ECR transformations. The complex transformation from ECI to ECR would account for Earth rotation, but requires information that describes the orientation of the rotating Earth such as polar motion, sidereal time, astronomic nutation, and precession, which are not readily available in the ISS BAD packages. However, the cost associated with the direct transformation from the ISS orbital to ECR is that it introduces a rotational residual in the geolocation results. The drift angle correction method that we presented is to explicitly compensate the Earth self-rotation effect on geolocation using information that is readily available from the ISS BAD packages.
The combination of the Dou et al. [8] geolocation and the drift angle correction algorithms provides an alternative method to perform the geolocation for Earth observing imagery obtained in an Low Earth Orbit (LEO) spacecraft, such as the ISS or China Tiangong-1, which directly reports the spacecraft's state data (position and velocity vectors) in ECR coordinate system.
Conclusions
The drift angle caused by the Earth self-rotation introduces a latitude-and orbit-dependent rotational artifact on the geolocation results of imagery acquired by a payload system onboard the ISS. Since the effect of drift angle does not affect the center pixel of an image, we developed a correction method using Dou et al. [8] geolocation algorithm. In summary, the correction starts by applying the Dou et al. [8] algorithm to an Earth observing image. The geographic location of the image's center pixel, along with the ISS orbital state vectors, are used to compute the drift angle, by which the entire image is then rotated to correct for drift angle effect. To evaluate the proposed method, thirteen images (10 in ascending and 3 in descending orbits) acquired by the ISSAC onboard the ISS over the continental US were processed. We estimated that over 99% of variability in the residual rotational displacement can be explained by the drift angle. However, the two are not exactly the same; and the difference between the two, about 0.3°, is due to the yaw angle misalignment of the Sensor coordinate system with respect to the ISS body-fixed coordinate system. Applying corrections for the drift angle and the yaw angle misalignment reduced geolocation errors for the corner points of the images from an average of ~1000 to ~400 m and maximum error from 1280 to 490 m. The improvement delivers an overall geolocation accuracy of less than 500 m of maximum errors for all pixels of an imagery acquired by ISSAC onboard the ISS, greatly enhancing the application potential of the Earth observing sensors onboard the ISS.
